In the present study, we continue investigation of the high-contrast vision in the inverted retina of the vertebrates eyes. We report a method of separation and purification of porcine ( found that these structures efficiently transfer light energy along its axis, with the light reemitted at the other end of the structure. We also report spectral selectivity of the IFs. The reported results demonstrate that the assumptions we made in deducing the theory of high-contrast vision in an inverted retina were correct and fully supported by the presently reported experimental results.
I. Introduction
The light transmission by the inverted retina of the vertebrates has already been discussed for more than 100 years. The idea of light transmission by glial Müller Cells (MCs) of the inverted retina has been proposed more than 10 years ago [1, 2] , being now considered the main mechanism of light transmission by the inverted retina to the photoreceptor cells. It was shown by Zueva, et al. (1916) [3] that the Intermediate Filaments (IFs) traverse the entire length of MCs; and it was later proposed that IFs are in fact the structures that conduct the light energy [4] .
Note that these IFs may be sensitive to light polarization and have a limited spectral transmission [4, 6] . We have also assumed that IFs located in the MCs should be electrically conductive, which allowed to conveniently account for their capacity to transfer the light energy in the retina.
Unfortunately, no experimental data on the light energy transmission by the IFs were reported till presently, the same applies to the information on their electric conductivity.
Structure and properties of the IFs in different biological systems were extensively studied earlier [7] [8] [9] [10] [11] [12] . In 1959, an unusual filamentous polymer, now called a beaded filament, was described in the lens of the eye. The association of lenticular chaperones, α-crystallins, with the filament contributes to the characteristic beaded morphology, giving also important clues to the function of this unusual filament in the lens [7, 8] . In the review paper [9] , the two separate intermediate filament systems present in the eye lens were discussed. Canonical 8-11 nm IFs composed of Vimentin are assembled in the lens epithelial cells and younger fiber cells, while the fiber cell -specific beaded filaments start accumulating as the fiber cell elongation initiates.
The basic methods of purification of the important lens fractions and the analysis of the distribution of IF proteins in the eye lens were reported by Perng, et al. (2004) [10] . We used their methods [10] with some modifications in the current study. The functions of the IFs were extensively discussed in the reports by Strelcov, et al. (2002, 2017) [11, 12] . They demonstrated [11, 12] that IFs not only have the cytoskeletal function, but many other physiological functions.
However, electric conductivity and light energy transmission functions of the MC IFs have not been studied yet.
As we already noted, quantum mechanism of the light energy transport by the MC IFs was proposed earlier [4] . In the frameworks of this mechanism, IFs absorb photons, passing to an electronically excited state, represented by a wave package (exciton) of quasiresonance excited states distributed over the entire length of the IF. Such wave package propagates along the IF, and upon arrival to the other end of the IF may again be transformed into a photon. This allows the IFs to transmit light energy with an efficiency close to unity, within a certain wavelength range for the given IF geometric parameters [4] [5] [6] . The quantum mechanism [4] [5] [6] requires electrically conductive IFs, which greatly simplifies the quantum mechanical treatment of such macromolecular systems as IFs, built of numerous protein molecules.
Regarding the proposed quantum theory [4] for the light energy transmission by the IFs, the systems that are closest to the IFs in their properties are carbon nanotubes (CNTs). In particular, properties of single-wall CNTs (SWCNTs) should admit the most straightforward interpretation.
Therefore, here we turned to SWCNTs and their electrical and optical properties, as a model for the more complex IFs. Note that -conjugated carbon systems are electric superconductors, typical examples being SWCNTs and graphene [13] . Since SWCNTs are axisymmetric with electrically conductive walls, they made a reasonable model for our IF waveguides. Note that SWCNT is a hollow tube made of a one-atomic-layer-thick graphene sheet. The wrapping direction may be described by the chirality vector (n, m), its coordinates denoting the number of unit vectors along the two directions of the graphene sheet crystal lattice [14] . Thus, a tube with n = m (chiral angle = 30°) is an armchair tube, while a tube with m, n >> 1 and |m -n| = 3k has metallic conductivity [15] . The diameter d of the SWCNT is given by
where c = 0.246 nm [13] . The optical absorption spectrum of SWCNTs includes several electronic transitions:
, etc. [15] [16] [17] . These transitions are relatively sharp and may identify nanotube types. Interestingly, the plasmon line in the absorption spectrum of the SWCNT with d = 12 nm is at ca. 4.5 eV [15] . Although it is obvious that the diameter is the most important property of the structure, we cannot expect the properties of the IFs to exactly coincide with those of SWCNTs, even for the same diameter. However, taking into account the axial symmetry of both the IFs and SWCNTs, along with the supposed electric conductivity of their walls, they both may be expected to efficiently transmit light by the quantum mechanism. We have studied these phenomena in detail earlier [4] [5] [6] .
As the presently studied properties of the IFs and SWCNTs [3] [4] [5] [6] 
II. Materials and methods
In this section, the materials and methods used in the current study will be described in detail.
a) Isolating IFs from porcine eyes and their characterization
The following procedure was used for isolating the IFs. Fresh porcine eyes were obtained from Toa Bajo Meat Factory (Puerto Rico). These were cooled to +4ºC and transported to the laboratory in a commercial refrigerator, at the same temperature. Four retinas were removed from the eyes, totaling 0.523 mg. This material was frozen to -70 o C during 5 min and finely chopped mechanically. Chopped homogeneous material was warmed to 20ºC and mixed with 10 ml bidistilled water. 10 mg of the microcrystalline diamond (Sigma-Aldrich) was added to the mixture and ultrasonicated for 30 min at +20 o C. The mixture was filtered using paper filter (Sigma Aldrich) with pore diameter of 500 nm, the liquid fraction was filtered again using a paper filter with 20 nm pore diameter. The second filter was placed into a glass beaker with 10 ml of bidistilled water, and mildly ultrasonicated for 5 min at +20 o C. The suspension was centrifuged for 15 min at 25000 g on a Sorvall RC-5B, the fraction of IFs with the mass 150 k M  300 k was removed and used in further experiments. The selected fraction was diluted to the total volume of 10 ml and stored at +4 o C. The estimated total yield of the IFs was about 32 mg.
The samples were characterized using high-resolution transmission electron microscopy (HRTEM) on JEM-1400 Plus apparatus, spectrophotometry (Shimadzu UV-3600 Plus Spectrophotometer), spectrofluorimetry (F-7100 Hitachi Spectrofluorimeter). The method for the TEM sample preparation was described earlier [3] The TEM image of the sample is shown in Figure 1a . This set of experiments, with their prototype described earlier [19] [20] [21] , was also carried out here.
Earlier a nanocapillary matrix was described [19] , which was used to decode the nucleotide sequence in polynucleotides. Our capillary matrices have a different structure compared to those described earlier [18] [19] [20] [21] [22] . They were produced as follows. A silicon substrate (Wafer Word Inc,) sized 12.512.50. 
III. Results and discussion a) Absorption and emission spectra of samples
Absorption and emission spectra for both sample suspensions were measured using a Hitachi U-3900H UV-Visible Spectrophotometer and Edinburgh Instruments FS5 Spectrofluorometer. The absorption spectra are shown in Fig. 4 . The absorption spectrum of SWCNTs was discussed in detail earlier [23] , including the assignment of the spectral bands [23] , and therefore will not be discussed here. The absorption spectrum of the aqueous suspension of the IFs was deconvoluted, with at least five separate bands present, as also shown in Fig.4a . The positions and widths of the respective bands are listed in Table 1 . Electric conductivity and absorption bands in UV and visible range lead us to an assumption that the properties of the IFs, similar to the nanotubes, depend on the conjugated -system existing either in separate protein molecules composing the IFs, or comprising entire IFs.
The emission spectra for both IFs and SWCNTs at 220 nm excitation are shown in Fig. 5 . The emission spectrum of SWCNTs was studied and analyzed earlier [23] , and will not be discussed here. Note that strong emission transition band in SWCNTs is observable at 355 nm wavelength. Apparently, this transition band can be assigned to a  *   electronic transition.
As regards the IF emission spectrum, spectral deconvolution produced several emission bands, with their parameters listed in Table 2 . The positions of the emission band maxima and the bandwidths are quite close to the respective parameter values obtained of the absorption spectrum. There is a small red shift of the emission band maxima in comparison with the respective band maxima in the absorption spectrum.
Therefore, the respective electronic transitions are vertical transitions with good accuracy, with any relaxation playing only a minor role.
Next we present the results on the IF and SWCNT emission dynamics. Both samples were excited by pulsed laser radiation at 225 nm, with the total emission detected at wavelengths exceeding 300 nm. The emission decay traces are shown in Fig. 6 . Figure 7 . Time dependences of signal measured for (a) IFs (1) 
The recorded transient kinetics were fitted by an exponential function, with the fitting parameters
A and k listed in Table 4 . As follows from the data of Table 4 , the k value is virtually independent on the number density n X (X = IFs or SWCNTs) at a given temperature, for both IFs and SWCNTs. Figure 8 . Note that the intercepts are non-zero, which we explain by the presence of residual ionic species in the water. The slopes F of the respective linear regressions are also listed in Table 5 . As follows from Figure 8 and Table 5 , the regression slope F decreases with increasing temperature. To understand the temperature dependences and calculate the average resistance of a single IF or SWCNT, we need an adequate model describing their interaction with an electrode matrix.
Two processes should be taken into account: (1) diffusion of the X species (X = IF or SWCNT)
to the electrode matrix and (2) reversible adsorption of the X species by the electrode matrix surface. In the present study, we analyzed two limiting cases: (a) the kinetic limit, when the diffusion rate of X to the matrix surface is much faster than the adsorption and desorption rates, and (b) the diffusion limit, when the diffusion is much slower than the adsorption and desorption.
We shall first look at the physics of the resistance measurements. We shall use the following parameters: the resistivity  X [cm 
where the average reduced resistance of both species are the unknown parameters. The total resistivity of the electrode matrix, and therefore the observed signal, is dependent on the surface number density of the adsorbed species. To estimate the absorbed surface number density of the respective species, we carried out analysis of two limits mentioned above.
(a) The kinetic limit
The diffusion rate to the electrode matrix surface is much faster than the adsorption and desorption rates at the z = 0 coordinate, corresponding to the matrix surface. We introduce the adsorption rate constant k 1 , and desorption rate constant k -1 . The sample number density at t = 0 is n 0 . Thus, the equations for the surface number density are: 
The measured signal may be presented as follows:
where r X is the resistance of a single species attached to the EM and immersed in bidistilled / deionized water. Taking into account that
and the dependence for the measured signal may be rewritten as follows:
The temperature dependence of the parameters of Table 5 may be explained, rewriting relationship (10) in the form:
Thus, we identify SWCNTs -H SWCNT = 374 cm -1 .
We conclude using the data of Fig. 9 and the parameter values in its caption that E a,X  H X . This is equivalent of temperature-independent k 1 . We estimated the entropy factor Using the above estimates and the relationship (11), we calculated the r X value, which is about (6.50. Here the-time dependent number density of adsorbed X may be obtained analysing the flux towards the electrode matrix surface, taking into account the boundary conditions at the surface.
The flux to the surface may be presented as follows:
where D(T) is the temperature-dependent diffusion coefficient of X in water. Boundary condition can be presented as follows:
In ours analysis, we considered quasistationary conditions (t  ), i.e. we analyzed only the parameter A. Taking into account that n 0 = n surf + n liq , the surface number density of the adsorbed species in given by: (15) i.e. the relationship (11) may once again be obtained to describe the observed signal. Thus, the same values of the reduced resistance of the IFs and SWCNT as obtained above were calculated here, using the already estimated value of K eq .
c) Axial light transmission
We measured light transmission by the IFs, using the capillary matrix with 15 nm holes, and by the SWCNTs, using the matrix with 5 nm holes. The experimental procedure was as follows. Finally, the lamp shutter was opened and the signal dynamics recorded.
A flux of water through the capillary matrix was created by the osmosis in these experiments, with the sample species pulled along by the flux and into the holes. The holes became filled and clogged with the sample species, which should change the optical transmission of the capillary matrix, provided the earlier developed models are correct [4] [5] [6] . All of the light transmission data are presented with the background value subtracted. Note that typical background count rate was ca. 170 s -1 . Figure 10 shows typical examples of the transmission signal dynamics for both samples. At each of the probing radiation wavelengths, the signal was normalized to the probing light intensity and corrected for the wavelength-dependent sensitivity curve of the PMT. Table 6 : Since the signal was normalized to the lamp intensity and the PMT sensitivity, the relative quantum yields of the light energy transmission at different wavelengths by the IFs and SWCNTs may be determined as the ratio of the respective values of B.
These results may be explained taking into account the filling dynamics of the matrix capillary by IFs or SWCNTs, their excitation in the input (left) section of the cell, and re-emission electronic excitation energy in the output (right) section of the cell. A detailed theoretical analysis of the excitation energy transfer by IFs and CNTs was presented earlier [4, 5] , with the present experimental results demonstrating the validity of the theory.
Time of electronic excitation transmission along IFs and SWCNTs was measured using laser pulses at 480 nm (fundamental of the dye laser using Coumarine-102) to excite IFs and 700 nm (fundamental of the dye laser using Nile blue) to excite SWCNTs. The recorded waveforms are shown in Fig. 11 . 
where A is the signal amplitude, and  i the characteristic times of signal buildup and decay, with the parameter values listed in Table 7 .
<Insert Table 7> The buildup time  1 is quite similar for the two species, probably due to the similar mechanism of the excitation transport along the respective nanostructures. This mechanism apparently involves in both species the participation of a delocalized -conjugated system, defining their properties. However, taking into account the significant difference in the length of the IFs and SWCNTs, we would expect significant differences in the buildup time that should depend of the excitation transport velocity along these species and their length, and thus probably longer for the IFs. The  2 decay time is slightly longer for the IFs as compared to SWCNTs, however, for both samples these times are significantly shorter than those recorded in bulk samples (see Table   3 ). This result may be explained by the excited state relaxation caused by the interaction with the Si capillary wall, with the semiconducting Si efficiently interacting with the delocalized wavefunction of the excited state, or by the stimulated emission (superemission) generated along the axis of the IFs or SWCNTs [23] . recently [35] [36] [37] . The current study is the first one reporting direct measurements of porcine IFs optical properties and electric conductivity. The presently obtained results thus demonstrate the correctness of the fundamental assumptions made earlier [6] , showing that IFs should be important for the light energy transmission in an inverted retina, and confirming the earlier developed theoretical approach [4] [5] [6] .
IV. Conclusions
Thus, the present report provides an experimental confirmation of the earlier postulated properties [3] [4] [5] [6] . We also report the experimental method to study the light energy transmission of the IFs and SWCNTs. We found that both IFs and SWCNTs transmit light energy along their axis, in a good agreement with the earlier developed theoretical models [4] [5] [6] .
Therefore, the earlier proposed mechanism [3] [4] [5] [6] of high-contrast vision in an inverted retina was confirmed by the presently reported experimental data.
